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Introduction
The detoxification of heavy metal ions in plant cells frequently occurs by chelation by phytochelatins or other metal-binding proteins (for review see Steffens, 1990; Ernst et al., 1992; Neumann et al., 1994) , precipitation in vacuoles or other cell compartments or binding to components of cell walls (Neumann et al., 1995) . However, in most cases these conclusions are rather speculative because no evidence on the ultrastructural level exists.
Analytical electron microscopy allows the measurement of elemental concentrations with a high lateral resolution and gives information about the subcellular elemental composition of biological specimens. However, conventional analytical techniques give no information about the bonding state or the bonding partners of an element of interest. For such problems, electron energy-loss spectroscopy (EELS) in combination with scattering or quantum chemical calculations using clusters is widely used in materials science.
The fine structures of EELS yield additional information about the electronic structure of the material analysed and thus on the actual bonding state of the elements contained. The following energy-loss features can be used to get information about electronic structure, chemical bonding and coordination.
1 The onset of ionization edges are influenced by charge transfer, excitonic effects and shifts of the Fermi level (Batson et al., 1987) . 2 The detailed shape of the structures up to about 20 eV beyond the onset of ionization edges (ELNES) yields information on the density of unoccupied states above the Fermi level (Colliex et al., 1976; Batson et al., 1987 Batson et al., , 1992 Skiff et al., 1987) . 3 The extended energy-loss fine structure (EXELFS) occurring up to some 100 eV beyond the core ionization threshold consists of weak oscillations and contains structural information on the type and arrangement of the nearestneighbour environment of a specific atom. 4 In the low-loss region (0-50 eV) the excitation of surface and bulk plasmons is observed, superposed by direct interband excitations, and excitations of electrons from defect levels into unoccupied states. These scattering processes are sensitive to specimen thickness and changes in the density of states in both conduction and valence bands (Daniels et al., 1970; Batson et al., 1983 Batson et al., , 1987 .
The application of ESI and EELS to biological specimens is limited by the very low elemental concentrations in ultrathin sections and the radiation damage, which allows no experiments at higher energy losses. However, sections in the range of the mean free path of the electrons, which was determined to be 100 nm for 80-keV electrons in epoxy resin (Lichtenberger, unpublished) , gives sufficient spectra up to about 600 eV energy loss.
In the present work the accumulation of Si, Ca and Zn in leaves of Minuartia verna was investigated by EDX, ESI and EELS. The densities of states are calculated using energy eigenvalues and electron occupancies by the MNDO and PM3 methods (Dewar & Thiel, 1977a,b; Stewart, 1990; Lichtenberger et al., 1995) assuming simple clusters of silicates, representing the respective phase of silicon. The results of the calculations are compared with EEL spectra from standard compounds and biological specimens.
Materials and methods

Preparation of plant material
Leaves of M. verna were quick-frozen with liquid propane at -180 8 C (JFD 30; Balzers, Liechtenstein), freeze-substituted in acetone for 4 days (CS auto, Leica, Bensheim, Germany) and embedded in epoxy resin (ERL). Sections of 100 nm thickness on Ti grids, prepared with a diamond knife, were used without any staining for EDX, ESI and EELS.
Analytical electron microscopy
Transmission electron microscopy was performed using an EM 912 Omega (Carl Zeiss, Oberkochen, Germany) equipped with an EDX system (Link exL II, Oxford Instruments, High Wycombe, Bucks., U.K.). EDX analysis of thin sections was carried out with a spot of 100 nm diameter, 20
A emission current and 80 kV acceleration voltage. EEL spectra were obtained using the omega filter of the EM with an experimentally tested resolution of 1 . 2 eV and an acceleration voltage of 100 kV. Spectra were recorded either serially with a Faraday cup or parallel with a TV camera and processed with an image processing system (AnalySIS 2.0, Soft-Imaging Software GmbH, Mü nster, Germany). The illumination optics were run in the image mode with an emission current of 2 A. The low-loss region (0-50 eV) and the ionization edges of the interesting system in the energyloss region up to 700 eV, i.e. the Si-L 2,3 and the O-K edges, were detected. To prevent artefacts by diffraction effects the acceptance angle was twice the objective aperture. ESI was carried out using the omega filter with an energy resolution of 5 eV. Windows with a size of 8 eV before and on the ionization edge were used for a calculation of elemental distributions. Only the two-window method using the subtraction of the pre-edge image (97 eV) and the image obtained at the Si-L 2,3 edge (108 eV) yields suitable pictures. Calculations using the jump ratio-and the three-window method have shown a strong decrease in the signal-to-noise ratio.
Simulation of EELS fine structures by MO-LCAO calculations
Calculations for the simulation of EELS fine structures have relied on two theoretical approaches (Rez et al., 1991) . The XANES method uses the idea that the fine structure arises from the interference of electron waves scattered from neighbouring atoms and the outgoing wave representing the ejected inner-shell electron (Durham et al., 1982) . The other approach relies on the model conception that the ELNES occurs as a result of the excitation of an inner shell electron into unoccupied states above the Fermi level. The differential cross section for the inelastic scattering process is therefore a product of a matrix element, including the wave functions of the final and initial states f and i and an appropriate density of final states (E):
The density of states can be calculated by band theory techniques. For crystals with a translation symmetry of the atomic arrangement, the APW method (augmented plane wave) and the KKR formalism (Korringa-Kohn-Rostocker) has been successfully used for the simulation of EELS fine structures (Beeby, 1967; Muller & Wilkins, 1984) . For systems without any translation symmetry, as are many molecules of biological interest or solids with local disturbances as displaced atoms, distortions and extraneous atoms, molecular orbital (MO) methods using linear combinations of atomic orbitals (LCAO) are convenient methods of determining local densities of states. In general, the use of MO-LCAO calculations is advantageous for systems without translation symmetry, so that the electronic properties of amorphous phases and organic molecules can be described. In the single-electron transition model and for a closed-shell initial state, the matrix element of Eq. (1) reduces to a single-electron matrix element. In this matrix element a summation exceeding almost all possible final states has to be carried out (Skiff et al., 1987) . Final states with high transition probabilities out of the ground state are interband transitions and especially excitons (McComb et al., 1991; Lichtenberger et al., 1995) . The matrix elements contain the direction dependency of the inelastic scattering process and the selection rules for the transitions. For fast electrons in the electron microscope the inelastic scattering is strongly forward-directed and the optical selection rules are fulfilled approximately (Reimer, 1991) . Thus the excitation of an electron involves a change in the orbital momentum l = 6 1, e.g. the ELNES of a K edge (transitions from 1 s electrons into unoccupied levels) is determined by the density of unoccupied p-states, whereas the ELNES of an L edge (excitation of 2p electrons) should mainly be determined by the density of unoccupied d-like states, with some contribu-tions by s-like states. However, for the L 2,3 ELNES of a tetrahedrally coordinated silicon cation it was shown that the dipole selection rules were infringed because of the special symmetry of the atomic arrangement and there-fore, high contributions of p ! plike transition are possible (Hansen et al., 1992) . Thus, densities of states calculated with the semiempirical quantum chemical methods MNDO, AM1 and PM3 (Dewar & Thiel, 1977a,b; Dewar et al., 1985 Dewar et al., , 1986 Stewart, 1990) with their basis set of s-and p-electrons seem to be suitable for the description both of the oxygen K-and silicon L 2,3 ELNES . Partial local densities of s-and p states 1 E has been chosen to be 0 . 5 eV, i.e. half of the experimentally proven resolution of the spectrometer used. The electronic ground state of a cluster is characterized by the occupancy of each electron level with two electrons for E < E F (n 2) and by unoccupied levels for E > E F (n 0). The electronic structure of excited states is treated as described in the following.
1 Interband transitions with one-electron excitation occur after excitation of an electron from an occupied into an unoccupied level. Depending on the spin state of the system singlets and triplets are possible. The spectrum of energy eigenvalues and orbital coefficients may be calculated for the present both in an RHF (for singlets) and in a UHF (for triplets) formalism for each 'microstate'. Moreover, a limited configuration interaction calculation using the first two MOs below and above the Fermi level has to be carried out, regarding the excited electronic state as the linear superposition of many electron configurations in the form of Slater determinants. 2 Strictly speaking, an exciton, a state resulting from the excitation of a core electron into an unoccupied level, is simulated within the possibilities of the program MOPAC (Coolidge & Stewart, 1990) with the aid of a 'sparkle'
8
, a dummy atom placed near the atom of interest and with the following properties. It consists of a nuclear charge of 1 and has one electron to maintain electroneutrality. The electron is donated to the quantum mechanical calculation. The sparkle 8 has an ionic radius of 0 . 07 nm, a zero heat of atomization, no orbitals and no ionization potential. In this way the properties of an exciton in the solid can be simulated within the limits of an all-valence electron quantum chemical model, i.e. neglecting core electrons.
The clusters shown in Fig. 1 have been used for our MNDO and PM3 calculations.
Results and discussion
In vacuoles of leaf parenchyma cells of M. verna large bright crystal-like structures with an electron-dense outer layer have been found (Fig. 2a) . EDX spectra of the bright inner part of these structures (Fig. 2c) show the presence of large amounts of silicon only, while the outer electron-dense layer additionally contains calcium (Fig. 2d) . ESI using the L 2,3 edge of silicon (108 eV, two-window method) shows the distribution of silicon in the observed region (Fig. 2b) . Electron diffraction studies at the vacuolar precipitates give an indication of amorphous material.
Si and Zn have been found in cell walls of M. verna using ESI and EDX analysis (Fig. 3) .
In order to identify the bonding state of silicon, the L 2,3 ionization edge has been recorded parallel with the TV-EELS option in the EM 912 Omega at the highest possible energy resolution of about 1 eV. Figure 4 shows Si-L 2,3 edges of the inner (a) and outer (b) region of the observed structures with the background subtracted (exponential-law fit). The ELNES of SiO 2 is already well known (Skiff et al., 1987; Batson, 1991; Schneider et al., 1996) . It has an edge onset at about 105 eV and is indicated by two distinctly split peaks at about 108 () and 115 eV (b), respectively. In addition, there is a broad peak at about 125 eV ().
ELNES experimentally observed is interpreted in terms of MO-LCAO calculations as linear superposition of different possible final states of the excitation process (McComb et al., 1991; Hansen et al., 1992; Lichtenberger et al., 1995) . Figure 5 shows the partial local densities of states of silicon dioxide at the silicon atom for the ground state and the exciton, obtained by Eq. (3) from MNDO calculations. With recourse to our MNDO calculations and SCF-X MO calculations of Tossell (1975) the first peak in the experimentally observed ELNES at 108 eV with a small shoulder at 106 eV () is associated with the excitation of a 2p electron into unoccupied 6t 2 and 6a 1 states, which exhibit p-and s-like symmetry, respectively. Additional states of higher energies but lower occupancies are identified as 2e, 7t 2 and 7a 1 with d-, d-and s-like symmetry, respectively, leading to the second peak at 115 eV (b) in the spectrum. The third observed broad peak at about 125 eV () originates from an exciton as shown in Fig. 5 for comparison, and an inner well resonance. Inner well resonances are molecular excited states inside the molecule. Bonding electrons, forming a cage around the positively charged central atom, are called 'inner well'. Inner well resonances appear especially in tetrahedrally coordinated silicon compounds of strong electronegative bonding partners such as oxygen or fluorine (Bianconi, 1979) . Figure 6 shows multiple scattering calculations (ICXANES method) by McComb et al. (1991) for an SiO 4 tetrahedron for comparison. Similar to MO calculations the experimentally observed spectrum of silicon dioxide is interpreted as an arbitrary linear combination of final states with s-, p-and dlike symmetry with inclusion of a core hole. This resulting sum of final states (Fig. 6d) shows the best agreement with the experimentally found spectrum and its features are comparable with the results of our MNDO calculations. The fine structure of the Si-L 23 edge recorded from the border of the crystal-like structures shows an additional small peak at about 102 eV (Fig. 4b,   ) , indicating unoccupied states close to the Fermi level. We interpret this peak as excitation of Si 2p electrons into unoccupied levels originating from SiO bonds to be found, e.g. in the salts of silicic acid. The calcium found in the border layer of the vacuolar crystals is assumed to be bonded in ionic form as
. For a comparison, Fig. 7 shows the partial local density of states at the silicon atom for the proposed structure. In contrast to the tetrahedrally coordinated Si atom in SiO 4 2-, high densities of unoccupied states occur close to the Fermi level ().
In silicon dioxide and calcium silicate, silicon is the electropositive bonding partner, with high densities of unoccupied states at the silicon atom. These high densities of unoccupied states will give rise to the described markedly fine structures of the silicon ionization edge. Bonding partners of negative atomic charge such as oxygen show high local densities of occupied states in the valence band. High densities of occupied states will produce pronounced fine structures in the low-loss region, interpreted as a superposition of plasmon and interband excitations . In spite of the low local densities of its empty states, oxygen gives a characteristic fine structure of the K edge for the investigated compounds, produced by the excitation of 1s electrons into unoccupied p-like states. The oxygen K edge has an onset at about 524 eV and shows two distinct peaks at 532 eV () and 550 eV () in the case of silicon dioxide (Fig. 8a) . For the outside border containing calcium silicate a third peak at 542 eV (b) has been found, together with a shift of the last maximum to 552 eV (Fig. 8b) . These features in the observed ELNES can be qualitatively interpreted using the local densities of states at the oxygen atom obtained by MNDO calculations (Fig. 9) . The LDOS of unoccupied states at the oxygen atom shows a small peak 1 eV above the Fermi level () and a broader region some eV higher for silicon dioxide (Fig. 9a,   ) . For calcium silicate this region is split into two distinct peaks (b and ). These data give indications about the mechanism of silicon storage in plant cells. The uptake of silicon into the plant cells takes place as small soluble clusters of Ca silicate (the electron-dense layer on the surface of the vacuolar crystallike structures, Fig. 2a ), which is unstable and undergoes spontaneously a recrystallization to the more stable SiO 2 (the bright central part of the vacuolar structures, Fig. 2a ) (Schwieger et al., 1987) .
The ELNES of the Si-L 2,3 and O-K edge in the Zncontaining cell wall shows the same features as in calcium silicate (data not shown). Therefore it is assumed that Zn is bound as Zn silicate (cluster d in Fig. 1 ). The precipitation of heavy metal ions as insoluble silicates in cell walls seems to be a possibility for their detoxification in plant cells (Neumann et al., 1996) . 
Limitations of the LCAO principle
In the present work the partial local densities of unoccupied states at the silicon and oxygen atoms obtained by MNDO calculations were used to interpret qualitatively the fine structure of the core edges, irrespective of the proper electron scattering process. The matrix element in Eq. (1) has not been considered explicitly. This simplification and the applicability of the LCAO principle to the scattering process presupposes the validity of the single-electron transition model and the Born approximation. Within these simplifications a correct reproduction of energy distances in the features of the fine structure of core edges is not possible. Initial states are considered as occupied closed-shell valence states. A summation exceeding all final states with high transition probabilities, e.g. the ground state, interband transitions and excitons, has to be performed. The semiempirical quantum chemical methods MNDO, AM1 and PM3 (Dewar & Thiel, 1977a,b; Dewar et al., 1985 Dewar et al., , 1986 Stewart, 1990) consider the altered electron-electron interaction due to the excitation process, but are restricted to s-and p-states. Skiff et al. (1987) performed scattering calculations by applying the extended Hü ckel method, including tight-binding final states of Slater-type Si 3d, 4 s, 4p orbitals, and 3 s, 3p orbitals for O, but neglecting the electron-electron interaction.
Further sources of error in our calculations might be the different transition probabilities into different final states modified by the selection rules, the parameterization of the method and the potential chosen for the ionization state of the bulk, and the features owing to the breakdown of the single-electron transition model.
Conclusions
The morphological features, elemental distribution and the bonding state of precipitated silicon compounds found in vacuoles and cell walls of Minuartia verna have been investigated by TEM, EDX, ESI and EELS. The fine structures of the Si-L 2,3 and the O-K ionization edges are interpreted using local densities of unoccupied states obtained by MNDO calculations. Two different bonding states -tetrahedrally coordinated silicon in silicon dioxide and the Ca and Zn silicates -could be identified by the analyses of ELNES. The formation of insoluble silicates and their precipitation in vacuoles and cell walls is assumed to be a detoxification mechanism in plant cells.
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